The dissociation energy of the Scz dimer has been computed using a multireference CI treatment and including the effects of core( 3p) correlation. Special emphasis has been put on the contraction of the basis set to minimize atomic correlation energy loss and molecular superposition errors. Core(3p) correlation gives a contraction of the 4s orbital resulting in a reduced ratio between the radial extents of the 4s and 3d orbitals. This results in a decreased bond distance (by 0.20 ae) and improved 3d-3d overlap. The binding energy is increased by 0.11 eV through core correlation. The finally obtained D, is 0.77 eV ( 1.1 f 0.2 eV expt. ) . An extension of the core-polarization potential formalism to include fieldgradients and quadrupole core polarizabilities is presented and compared with the results of explicit core correlation for both the atom and SQ.
I. INTRODUCTION
The bonding in the first-row transition metal dimers has long attracted attention both from an experimental and theoretical point of view. The possibility to form multiple bonds involving the 3d orbitals and the large number of states that may be formed from 3d excitations give them very interesting properties. From a theoretical point of view, the calculation of reasonably accurate dissociation energies still remains a challenge for these systems. The large difference in radial extents of the bonding 3d and 4s orbitals in combination with the large atomic exchange energy and correlation energies associated with the 3d shell make a theoretical treatment extremely demanding.
The determination of accurate dissociation energies has been of particular interest. The De)s of some transition metal diatomics were recently reevaluated by Haslett et al.' with rather large differences between the results of different experimental methods to determine D,. For Fez a vibrational analysis gave values in the range 1.24-1.75 eV, while collision-induced dissociation of Fe,f observed by Loh et al2 gave a value of 1.15 *to.09 eV and Brucat et ~1.~ reported limits of 0.83-1.32 eV based on one-photon ionization of Fez. For SC? and Ti2 the situation seems even less clear with a thermodynamically determined third-law value for De of Sc2 X %Z, of 1.13 eV compared with the lower bound of 0.79 eV obtained from a LeRoy-Bernstein calculation on resonance Raman data. For Ti2 the thirdlaw value is 2.10 eV while an evaluation based on the second law gives 1.22 eV. Both these values are critically dependent on information on the number and multiplicity of low-lying electronic states, however. The corresponding LeRoy-Bernstein analysis gives a lower bound of 1.05 eV to the D,.
From a theoretical point of view, some of the difficulties in describing the bonding in these dimers have already been mentioned above. The compactness of the 3d orbitals and the need to simultaneously and to similar accuracy describe states with different 3d occupation makes the dynamical correlation problem extremely difficult. However, in addition to the problem of successfully describing the near-degeneracy and dynamical correlation effects on the valence orbitals, more attention has recently begun to be paid also to the problem of core and core-valence correlation in the transition metalsk9 and the resulting effects on atomic excitation energies and molecular properties, such as De Bauschlicher et al4 performed a systematic study of core correlation in the first-row transition metal atoms. We have recently studied these effects in a number of copper compounds5-7 with the aim of improving methods to approximately describe core-valence correlation. Bar and Ahlrichs' reported results from inner-shell correlation on the CuAl diatomic, and very recently Bauschlicher and co-workers' obtained results~ on the excitation energies of Ti2 where the effect of correlation of the 3p orbitals was included. The effects of inner-shell correlation are expected to be more important for the lighter transition metals where the 3s, 3p core orbit& are more polarizable than in the case of, e.g., Cu. The large effects of near degeneracies in the valence makes single-reference based methods such as the coupled pair functional (CPF) lo or modified CPF (MCPF) I1 methods difficult to apply, although some very interesting CCSD(T) results have been reported, e.g., for the properties of the Cr2 ground state potential.12
In the present work we will address the question of the effects of core correlation on the properties of the Sc2 X58, potential energy curve. We have performed largescale internally contracted average coupled pair functional (IC-ACPF) r3t14 calculations using a multireference treatment based on CASSCF orbitals. Within this extended valence treatment the SC core(3p) orbitals were included in the correlation treatment and the differential effects from core correlation were obtained. In order to reduce basis set superposition errors (BSSE), and to obtain a sufficiently large fraction of the core-correlation energy, the contraction of the basis set was specifically designed for core correlation in addition to the normal valence correlation. That this is necessary is demonstrated by a study of the corecorrelation effects on the Tiz 'xl state.'* Using a loosely contracted, segmented [8s 7p 4d lf] basis set, a large increase of 0.45 eV on De was found from explicitly correlating also the 3p core electrons. Including also the 3s elec-trons in the correlation treatment gave a small additional increase of 0.05 eV and thus a total effect of 0.5 eV on D, However, computing the BSSE showed that at least 0.3 eV of this effect stemmed from superposition errors and the results thus become very unreliable. The corresponding BSSE with only the valence electrons correlated was 0.09 eV. Thus, one needs to reconsider and modify the basis set contractions used.
When the core electrons are explicitly correlated the calculations become extremely time consuming, also within the internal contraction scheme, and approximate methods to include the effects of core correlation are highly desirable. An alternative and much less costly method to obtain the contribution from core correlation has been suggested by Meyer and co-workers'6 based on viewing the core-valence interaction as the response of the polarizable core to the fields generated by the valence electrons. This approach has been demonstrated to work extremely well for lighter alkali metals and alkaline earths""* and for copper-containing systems,5-7 but requires modifications in order to treat cases including 3d excitations." Our extension of the method to include a core quadrupole polarizability interacting with field gradients generated by the electrons and surrounding cores will be presented and compared with the results from explicitly correlating the 3p-tore orbitals.
II. METHODS
Three different types of treatments have been performed for the determination of the Sc2 X 58, potential energy curve and the effects of core correlation on the different spectroscopic parameters (0, r, and 0,). Valence correlation has always been treated at the multireference internally contracted averaged coupled pair functional (IC-ACPF) I3 level using orbitals determined from CASSCF calculations treating the 4s and 3d electrons and orbitals as active (the 3ds orbitals were only included as active in certain cases-see below). In a preliminary study of core-correlation effects on Ti2 (Ref. 15) we had found that the contribution to D, not corrected for superposition errors, from correlating the 3s electrons (0.05 eV) was substantially smaller than that from the 3p core (0.45 eV) and thus the 3s electrons were not included in the present correlation treatment. Correlation of the core(3p) electrons, in addition to the valence treatment, was included by explicit correlation using the IC-ACPF method. The largest number of electrons correlated was thus 18 and sizeextensive methods such as ACPF are required. Furthermore, special consideration has been given to the basis set in order to obtain a large enough fraction of the corecorrelation energy and to avoid excessive basis set superposition errors (BSSE). To this end a contracted basis set specifically designed to also give the core correlation was constructed and will be described in detail below.
The calculation of core-correlation contributions requires special considerations with regards to both basis set size and contraction in order to compute a large enough fraction of the core-correlation energy and to avoid exces- sive BSSE. Furthermore, the methods employed must be able to describe the large near-degeneracy effects and to treat the relatively large number of electrons in a sizeextensive manner. Due to the substantially different correlation potentials felt by the (n-t 1)s and nd electrons" a core-polarization potential (CPP) approach has to allow a different potential for the spatially more extended 4s and 4p electrons compared with the more compact 3d orbitals.
In the present work we have included an additional interaction term through the inclusion of field gradients interacting with a quadrupole polarizability associated with the core. This provides a stronger short-range attraction and allows an accurate description of the atomic spectrum.
A. Basis set and correlation methods
The primitive basis set used is the (20s 13p 9d) basis optimized by Partridge.20 This was extended to (20s 15~ 10d 5f) by adding even-tempered diffuse p and d exponents and five f exponents. The latter were taken equal to the third to seventh d exponents. The corecontracted basis set was then constructed from atomic natural orbitals (ANO) 21 obtained from calculations on Sc3+ ('S) CI(8) and SC (2D) MCPF( ll), where the method used and number of electrons correlated are indicated. The CI contraction losses compared with the uncontracted basis were monitored by comparing with CASSCF-MRCI( 3) calculations on the 2D and 4F states of the neutral atom in addition to the core-correlated calculations. The results of the different steps in the contraction procedure are given in Table I . The number of contracted functions required to give an acceptable loss of corecorrelation energy due to the contraction was determined for the case of Sc3+ where only core-core correlation is present. A loss of only 0.058 eV was obtained in the case of a [6s 5p 3d 2f] contraction based on the Sc3+ ANO's. The minimum size basis would then be [Ss 7p 5d 3f] where 2s, 2p, Id, and lf AN0 have been added for description of the valence shell orbitals and correlation.
The selection of the actual contractions to give a simultaneous description of core-core, core-valence, and valence correlation was then performed as follows. The core orbitals ls-3p were taken from the Sc3+ calculation correlating the 3s and 3p orbitals. To this were added the valence orbitals from the MCPF( 11) calculation on the 2D state together with the correlating orbitals with highest natural orbital occupation numbers giving an [8s 7p 5d 3f ] ANO-contracted basis. In order to improve the description for the molecule, the most diffuse s, p, and d functions were included as free exponents replacing the ANO's with the lowest occupation numbers. For each modification of the contraction scheme the loss of correlation energy compared with the uncontracted primitive basis was monitored.
electronic charge inside the spherically symmetric core. Following Ref. 16 this is taken as
such that the electronic field on core c is given by p,' c 7 *C(p,rJ.
i ci
The operator, since it depends on the square of the fields, will contain zero-, one-, and two-electron contributions. In particular, the term which is quadratic in the electronic fields may be divided into a one-and a twoelectron operator according to From Table I it is clear that for the atomic description each step away from the AN0 contraction represents a loss of correlation energy. However, for the description of polarizabilities and molecular flexibility some free, diffuse functions will be required.22 The final [6+2s 5 +2p 4 + Id 3fl basis then represents a compromise between these two requirements. The contraction losses are less than 0.25 eV even for the MCPF( 11) core-correlated calculation on the 2D state, where the total correlation energy in the uncontracted basis was as large as 9.6 eV.
(cj2= C (CW)2+ C P,U>*$G>, ' i i#j where i and i index the different electrons.
The diagonal term above, Bi (c(i))2, is the only term contributing to the energy of a spherically symmetric atom and thus determines the cutoff parameter pc.
B. Core polarization potential
The operator used in the present work to estimate the core-valence correlation energy and the effects of static core polarization is an extension of that suggested by Meyer and co-workers.16 The core-valence correlation is included using an attractive core-polarization potential (CPP) based on a classical description of the core as a polarizable charge distribution interacting with the fields generated by the valence electrons and surrounding cores.
If the core-valence correlation potential operator is viewed as the first term in a multipole expansion of the interaction between the core and valence electrons it becomes natural to attempt an extension to include also the interaction between the field gradients generated by the surrounding cores and valence electrons with the induced quadrupole moment of the core. This has previously been done by Stoll et al.23 by including the field-gradient operator as a first-order perturbation on the converged solution including the field terms. In the present work we have extended the operator to include these interactions in a self-consistent manner. The definition of the operator and contained polarizabilities follows that of Buckingham" The potential generated by core c on the valence electrons is taken proportional to the resulting field on core c and the induced dipole moment a;f, associated with this core. The additional operator to be included in the Hamiltonian and projected onto the valence space then becomes where O'(O) is the actual induced quadrupole moment of core c, f"ks"' are the SCF level expectation values of the field gradients and the usual contraction over repeated indices is implied. Cd,, are the Cartesian components of the quadrupole polarizability tensor, which for a spherically symmetric core reduces to"
where ~2 is the induced dipole moment of core c and c is the expectation value of the field at core c. The latter two terms give corrections for the actual induced core dipole moments as computed with the basis set used in the calculations. In the case of a pseudopotential or frozen core description the induced dipole moment p: vanishes.
The two correction terms involving O'(O) arise in analogy with the field-dependent operator in order not to double-count effects arising from static contributions. These will to some extent be described using the selected core basis set, but will also be accounted for by the operator. The polarizability ac is taken either from experiment or as a computed value for the polarizability of the atom without the valence electrons. The field f, is the resulting field on core c from all the valence electrons and surrounding cores, i.e., f, = d + c where c = Zi c(i) is summed over all electrons i. A cutoff function is used on the valence charge density to remove contributions to the field from As for the simple field-dependent operator also the operator P cpp contains electronic and nuclear contributions to the resulting field gradients. Zero-, one-, and tyo-electron terms corresponding to those obtained for V,-,, thus arise and again a suitable cutoff has to be applied to the electronic contribution in order to avoid unphysical, short-distance effects. The diagonal term in the fGCag,usf;s PC contribution will now have an r-' dependence necessitating a sharper cutoff than in the case of the fielddependent operator. The cutoff used for the field gradients was thus taken as C(pcP,r,) = ( 1 -exp( -(r,i/p$)2))3. The same type of fit to an expansion in spherically symmetric Gaussian functions as for the field-dependent part of the potential was performed to facilitate the evaluation of the matrix elements. It should be noted that, as is the case for the diagonal two-electron term of the fielddependent operator, there is also a spherically symmetric term in the field-gradient Hamiltonian and a resulting contribution to the IP of the atom. Including field-gradient terms thus requires the cutoff on the fields to be increased in order to allow the inclusion of the additional attractive contribution to the IP from the err. operator.
RESULTS AND DISCUSSION
The ground state of the SC atom is the ?d' (2D) state with the s'd* (4F) configuration 1.439 eV above. Since the bonding in the Sc2 X %, ground state can be based on the 'D + 4F asymptote, it is essential to obtain a good representation of this splitting. In computing the atomic separation there are the normal large valence 3d-correlation effects and a 0.14 eV relativistic effect corresponding to the change in 3d and 4s occupations, respectively. However, there are also even larger differential effects of core-valence and core-core correlation which give contributions of opposite sign to each other." The net effect in our most accurate calculations on the atom is a contribution of -0.12 eV to this splitting as the total effect of cor*valence ( -0.59 eV) and core-core correlation ( +0.47 eV) .19 It is probable that this represents an underestimate of the total effect which further underlines the importance of a careful consideration of core-correlation effects. We will thus begin with a presentation of our atomic results (Table II) using valence, core-valence, and core-core correlating CI expansions and a representation of the core-correlation effects by the extended core-polarization potential (CPP) .
In order to isolate the different effects we have considered three states of the Sc2+ ion. This will be of importance in deciding how the fitting of the parameters in the CPP should be performed. The original development of the CPP method was based on a view of describing core-valence correlation only. As is immediately obvious from the results, however, one would introduce large errors if corecore correlation should be neglected when determining the CPP. The effects on the 3d excitations are substantially larger than on the 4s, 4p orbitals due to the larger effects of penetration into the 3s, 3p shells." Thus, a more flexible potential is required to describe the different effects on the 3d and 4s, 4p orbitals within a core-polarization potential scheme. As a simple extension of the original field-based CPP we have extended the potential to include field gradients interacting with a core quadrupole polarizability. This is a reasonable approach since it introduces a new rm6 dependence in the potential besides the original r-' dependence and thus allows to describe a stronger interaction at shorter distances from the nucleus. The balance between these contributions can then be determined from fitting the cutoff parameters for the atom, but the penetration effects, in particular of the 3d orbitals into the 3s and 3p shells, require caution and careful testing of the model. The atomic states considered in the fitting of the CPP parameters were thus the 2D, 2S, and 2P states of the Sc2+ ion. The ion, rather than the neutral, was selected in order to isolate effects of core-valence and core-core correlation and to eliminate uncertainties due to incompleteness in the valence correlation treatment. It also gives the further advantage of a second testing of the model when it is finally applied to the neutral atom.
The pc and & cutoff parameters were determined in two different ways, either fitting against the computed core-correlated (i.e., including both core-valence and core-core) MR-ACPF results, CPP (cc), or against experiment corrected for relativistic effects, CPP (Expt. ). Both core-valence and core-core correlation were thus included in the fit, but relativistic effects were excluded. The final parameters for the two fits are given in Table III .
The fit to the core-correlated ACPF results for the ionic states resulted in deviations by less than 0.05 eV for the three states considered. These parameters were then applied also to calculations of the 4F-2D excitation energy and the IP of the 2D state of the neutral atom. The CASSCF calculations had the (4s,5s,4p,3d,4d) orbitals active and all configurations with coefficient larger than 0.01 Having developed and tested the model description of core correlation on the atom we now turn to the problem of the SC dimer. The ground X 5X, state of Sc2 is a mixed state dissociating to the 2D + 4F asymptotez6 and thus we compute the D, relative to both the ground 2D + 2D and the mixed asymptotes. Since in the calculations we do not, in general, have agreement with the experimental separation between these two states we use experiment to relate the two different asymptotes. Normally one would take the experimental separation directly to relate the asymptotes and this is the procedure used in the calculations on Sc2 in Ref. 26 . It is also a standard procedure in calculations on strongly ionic systems. In both cases the results are improved since one minimizes the differential effects of correlation, that are very difficult to obtain accurately. However, in the present case there are also relatively large effects, +0.14 eV, of relativity on the splitting between the states and this effect would, in a nonrelativistic calculation, be included at the asymptotic limit, but not at r, if experiment were used directly. Thus, we have used the experimental separation with the effects of relativity subtracted to perform the correction in the nonrelativistic case and the experimental value directly when relativity has been included through the use of a first-order perturbation theory estimate of the Darwin and mass-velocity terms. The corrected De in Tables IV and VI is thus obtained by computing the binding energy with respect to the mixed asymptote and then subtracting the experimental atomic separation (relativistic and nonrelativistic, respectively). In the following we will refer to this procedure as D, relative to the corrected asymptote.
distance, but from the calculations this comes out as rather long or 5.04 a0 (Table IV) . There is a large effect on r, from correlation of the 3p core on SC with a reduction of the bond distance by close to 0.20 ao. This is not due to superposition errors which in fact are extremely small in the present calculations. We have computed the BSSE at the core-correlated level and find only small effects from these corrections. The bond distance is shifted out by 0.004 a0 and the binding energy is decreased by 0.019 eV when the computed BSSE is corrected for. Thus, the contraction scheme in combination with the rather long r, has lead to extremely small superposition errors.
The valence level D, is computed to 0.254 eV when referred to the 2D-2D asymptote. This is increased to 0.569 eV when the dissociation is taken to the mixed asymptote and then related to the 2&2D asymptote using the experimental splitting (relativistic effects excluded). When also the 3p orbitals are included in the correlation treatment the D, relative to the lowest asymptote is increased by 0.28-0.53 eV, but this increase is reduced to 0.11 eV for the corrected asymptote. Thus most of the effect is due to the improved description of the atomic separations from 1.64 to 1.47 eV (nonrelativistic) while the direct effect of core correlation on the bonding is smaller, but not insignificant.
The origin of both the bond contraction and the increase in dissociation energy from core correlation may be understood from a study of the effects on the radial extents of the atomic 4s and 3d orbitals. The normal picture of the bonding in the first-row transition metal dimers is based on the large difference in optimal overlap distances and atomic exchange energies for these orbitals; in order to form the required 3d-3d bonds a much shorter distance than for the 4s-4~ bond must be reached. This then results in a balance between the a-she11 repulsion, the loss of atomic 3d-3d exchange and the gain in energy due to 3d-3d bond formation. The effect of core correlation on the The potential for the X5X, state is rather shallow with an experimental vibrational frequency of only 238.9 cm -*. We are not aware of a measured experimental bond relative sizes of the 4s and 3d orbitals is clearly seen from Table V . Correlation of the 3p orbitals in addition to valence correlation results in a substantial contraction of the 4s orbital; by 0.10 a0 in the 2D state and 0.18 a0 in the more diffuse 4F state. The 3d orbital is affected to a much smaller extent and even shows some sign of expansion in the 2D state. This will give a bond contraction due to the shorter distance for the required overlap in the covalent (T bond and simultaneously the reduced size of the 4s orbital will result in a reduction of the o repulsion and a possibility to obtain more favorable 3d-3d overlaps, thus strengthening the bond. Thus, an important qualitative effect in the description of the transition metal bonding has been demonstrated. The contribution to the D, from core correlation still leaves a rather large error compared with experiment, however, and thus we now turn to a discussion of the valence shell dynamical correlation energy. The size of the CI expansions when core(3p) correlation is included makes further extensions of the correlation space impractical even within an internally contracted approach. The effects on D, of taking into account the near degeneracy between the 4s and 4p orbitals was thus investigated only at the CASSCF and valence ACPF levels. Even though a large effect, +0.13 eV, is obtained from the CASSCF calculation it is strongly reduced at the ACPF level where the effect is only $0.032 eV. Most of these excitations are thus obtained already with the smaller reference space. In the core-correlated calculations the 3da orbitals were not included as active in the CASSCF or in the reference space for the IC-ACPF calculations. The effect of including these in the valence treatment is nonnegligible, however, with an increase in the computed D, of 0.05 eV when reference configurations including also these orbitals are included in the IC-ACPF valence calculation. Extension of the basis set to include also two sets of g functions optimized in MR-CI valence correlation calculations on the atom also gives a minor contribution to D,, +0.037 eV. The effects of relativity were obtained from a first-order perturbation theory estimate on the valence correlated wave functions. This was then used also for the core(3p) correlated case. Only minor effects were found with a small decrease (-0.014 eV) in D, for the 2D-2D asymptote and a + 0.003 eV effect on the corrected asymptote. Assuming that these effects are additive we then obtain a best, corrected (BSSE, 2 -+ p2, 3d6, g functions and relativity) value for D, of 0.61 eV when referred to the 2D + 2D asymptote and 0.77 eV for the corrected asymp- tote. For the latter the contribution to D, from the g functions is somewhat reduced since it also affects the atomic splitting.
The obtained value should be compared with the experimental result of 1.13 *0.2 eV obtained from a thirdlaw determination of D,.' This determination requires an experimental measurement of the equilibrium constant at a single, well-defined temperature and a determination of the absolute entropy based on the partition function for the dimer. Low-lying, high-multiplicity states may contribute significantly to the partition function and lower the thirdlaw value for D,. We have recently performed a study of the low-lying states of ScZ (Ref. 28) in order to improve the partition function used in evaluating the experiment for D,. The resulting improved experimental value for the dissociation energy of Scz was then 1.03 f 0.2 eV, i.e., a decrease by 0.10 eV, but this is still 0.25 eV higher than our computed value above.
Finally, we will discuss the molecular results obtained using the CPP description. The different sets of CPP parameters, CPP( cc), and CPP(Expt.) were constructed to give agreement with the calculation where the core was explicitly correlated and with the nonrelativistic experiment, respectively. From previous experience with calculations on Cu-containing compounds such as CuF, CuH, and Cu2 (Ref. 5) and from earlier results on alkali-metal systems excellent, quantitative agreement between actual core correlation and the CPP approach could be expected. However, these earlier systems all show clearly separated core and valence orbitals while in the SC case large effects of interpenetration may be expected.
Comparison of the results from the core(3p) correlated and the ACPF( v) + CPP( cc) calculations (Table  VI) show a reasonable qualitative agreement. The bond distance is reduced by 0.18 a0 and small effects are seen on have a good explanation for where the error comes from, but it appears most likely that the major part of the error compared to experiment still lies in the treatment of the core. the dissociation energy. Comparing with the 2D-2D asymptote an increase of 0.10 eV is obtained, while for the corrected asymptote a corresponding decrease is seen. Thus, for the effect on the dissociation energy in this case the extended CPP is not reliable. The reason may again be understood from the results in Table V where the CPP gives a good representation of the effects on the orbital radial extents for the 2D state, but gives too small a contraction of the 'F state 4s orbital and even a decrease in the 3d orbital size. Thus, it can be expected that the contraction of the Scz bond distance should be reproduced by the CPP, but the increased bonding due to the improved 3d-3d overlaps will be absent. In fact, both the CPP(cc) and CPP(Expt.) atomic results show (4s)/(3d) ratios very similar to the valence ACPF calculation. It should be noted that the present development represents a large improvement over the simple field-based CPP and that it does give the atomic energetic effects correctly. However, additional work clearly needs to be done. In improving the CPP approach further for cases such as SC= particular care should then be given to the relative effects on the radial extents of the different valence orbitals. Different potentials for different atomic angular momenta such as suggested by Foucrault et aLz9 would then seem a promising approach.
Since the calculations of core-correlation effects are so extremely demanding on both basis sets and correlation treatment, the much simpler procedure of using a CPP operator is of great practical interest. In the present study a CPP was developed which included, besides the standard core polarizability, also a quadrupole moment and quadrupole polarizability. Two sets of parameters were determined for Sc2+, one set, CPP(cc), which were fitted to the most accurate calculations and the other set, CPP( Expt.), which were fitted to experimental results. A quite interesting, and promising, result was then obtained for the neutral SC atom using the CPP(Expt.) parameters. It was found that both the 2S-2D excitation energy and the IP of the SC atom were obtained with very small errors compared to experiment of about 0.01 eV, and this therefore appears to be a useful procedure to study atomic spectra.
IV. CONCLUSIONS
The present investigation represents the probably most ambitious quantum chemical study undertaken so far on any transition metal dimer. Multireference CI methods have been used with basis sets including g functions and the 3p core electrons were included in the correlation treatment. To properly represent core correlation without introducing a large BSSE a specifically adapted basis set was constructed and used. The dissociation energy De obtained is 0.77 eV (with corrections) compared to the experimental value of 1.1 ho.2 eV.' Before the calculated value is compared to the experimental result it should first be noted that the presence of previously unknown low-lying excited states should correct the experimental value for D, by almost 0.1 eV towards lower values. If the remaining discrepancy compared to experiment is viewed on a relative scale the result is perhaps somewhat disappointing. The error in the dissociation energy on an absolute scale of 0.1-0.4 eV is more tolerable and can, for example, be compared to errors of the order of 0.2 eV obtained in similar treatments of Np3'
Since the calculations using CPP(Expt.) reproduced the atomic spectral properties almost perfectly it was interesting to see the results for Sc2 using this CPP. Again, the results were quite disappointing with a De of only 0.52 eV. It is thus clear that reproducing the atomic spectra is not the only requirement for obtaining an accurate D,. The problem in these calculations can probably be traced to the relative sizes of the 3d and 4s orbitals. The core correlation effect on the 4s orbital is a substantial contraction which is the major factor responsible for the shortening of the SC-SC bond when the core is correlated. The contraction of the 4s orbital leads, in turn, to an increased shielding of the core for the 3d orbitals which has an expanding effect on these orbitals. This should lead to a better 3d-3d overlap and an increase of D,. Our working hypothesis for future work on these problems is that the 3d expansion effect is not accurately enough reproduced by the present calculations. It will be interesting to continue to experiment on the CPP parameters to see if it is possible to obtain a parameter set which both reproduces the atomic spectra and makes the 4s to 3d ratio somewhat smaller.
